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Abstract: Activity of Se-independent glutathione peroxidase (GSTPX) and glutathione reductase (GR)
was found in tissues of the bird cherry-oat aphid, Rhopalosiphum padi (Linnaeus, 1758) and the grain
aphid, Sitobion avenae (Fabricius, 1794). Among the studied aphid morphs, the highest activity of GSTPX
and GR was noted for winged adults (alatae) and the lowest for wingless females (apterae). Generally,
a higher activity of GSTPX and GR was observed in the oligophagous R. padi, which alternates between
woody host-plants and grasses. Exposure of the aphids to plant o-dihydroxyphenols caused a decrease in
the activity of both the glutathione-related enzymes. Among the studied plant allelochemicals, caffeic
acid showed the strongest inhibitory effect on the activity of the aphid antioxidant enzymes. The influence
of the o-dihydroxyphenols on the activity of GSTPX and GR in the cereal aphid species is discussed.
Keywords: Se-independent glutathione peroxidase, glutathione reductase, Rhopalosiphum padi, Sitobion
avenae, o-dihydroxyphenols
INTRODUCTION
Aerobic organisms, including herbivorous insects, are subject to oxidative stress
resulting from overproduction of reactive oxygen species (ROS), such as superoxide
anion radical (O2
), hydrogen peroxide (H2O2), or hydroxyl radical (OH). The en-
dogenous sources of ROS include autoxidizable molecules and oxidoreductases,
located in subcellular organelles, such as nuclei, mitochondria and microsomes (AH-
MAD & PARDINI 1990a). Moreover, herbivorous insects are also exposed to exoge-
nous sources in the form of plant pro-oxidant compounds that generate ROS upon
activation (BARBEHENN et al. 2003). Plant pro-oxidants, including acetophenones,
b-carboline alkaloids, furanocoumarins, thiophenes, polyacetylenes, flavonoids,
o-dihydroxyphenols and quinones, can be located on the plant surface or in periph-
eral tissues: the epidermis and mesophyll (DOWNUM & RODRIQUEZ 1986, MANACH
et al. 1996, BARBEHENN et al. 2003, RODA et al. 2003). Most of them are activated
photochemically, only phenolic compounds and quinones undergo metabolic acti-32 Iwona £ukasik and Sylwia Go³awska
vation. Phenols, especially o-dihydroxyphenols, might produce reactive semiquinone
radicals as a result of oxidation (KALYANARAMAN et al. 1987, AHMAD 1992), which
in turn react with molecular oxygen to generate superoxide radicals and consequent-
ly hydrogen peroxide and hydroxyl radicals (AHMAD & PARDINI 1990b). On the other
hand, phenolics can act either as pro-oxidants or as antioxidants, depending on their
structure and conditions. It has been shown in vitro that quercetin and myricetin in
aqueous medium and at pH 7.4 could undergo autooxidation, which generates ROS
(LAUGHTON et al. 1989). In addition, phenolic compounds have a chelating effect on
metals, such as copper or iron, which can initiate the production of hydroxyl radi-
cals. Thus under some conditions, probably pathological, some o-dihydroxyphenols
could play a pro-oxidant role (MANACH et al. 1996). In the case of herbivorous in-
sects, the oxidation of phenolics may be enhanced by an oxidizing environment,
alkaline pH, or presence of polyphenol oxidase (PPO) and peroxidase (PX) (KALYA-
NARAMAN et al. 1987).
ROS may react with biomolecules  such as DNA, RNA, proteins and lipids
 causing alterations within their structures. For phytophagous insects, lipid per-
oxidation is especially harmful, since lipids are not only cell membrane components,
but also play other physiological functions, such as juvenile hormones and phero-
mones (DOWNER 1985).
In response to pro-oxidant properties of the plant allelochemicals, phytopha-
gous insects have evolved defence mechanisms, especially towards ROS. Among
them, an important role is played by the antioxidant enzyme system composed of
superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPOX), and
glutathione reductase (GR). In mammalian tissues, a key antioxidant enzyme is Se-
dependent glutathione peroxidase, which catalyses the reduction of hydrogen per-
oxide as well as organic hydroperoxides. However, in herbivorous insects the activity
of GPOX is very low (AHMAD et al. 1987). It might be compensated for by the pres-
ence of the specific peroxidase activity of glutathione transferase (GSTPX), which
catalyses the reduction of a wide range of hydroperoxides. GR does not affect ROS
directly, but enables GSTPX function by regenerating the reduced form of gluta-
thione (GSH) (WANG et al. 2001). Most of the studies considering the GSTPX/GR
antioxidant mechanism within herbivores have focused on leaf-chewing insects, such
as lepidopteran larvae, but little is known about this antioxidant system in sucking-
piercing insects, including aphids. Thus the aim of this study was to compare levels
of GSTPX and GR activity in tissues of two species of cereal aphids: the mono-
phagous grain aphid, Sitobion avenae (Fabricius, 1794), and the oligophagous bird
cherry-oat aphid, Rhopalosiphum padi (Linnaeus, 1758). In addition, the influence
of one of the most important groups of plant pro-oxidants (o-dihydroxyphenols) on
the aphid enzymatic activity was studied.
MATERIAL AND METHODS
Experiments were conducted with various morphs of the grain aphid and the
bird cherry-oat aphid: apterae, alatae, and larvae. The insects originated from aphid
stock cultures kept on winter wheat cv. Tonacja at the University of Podlasie in
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On every occasion, 100 collected aphids were placed in 5 ml of the following
cold buffers: 50 mM K-phosphate buffer pH 7.0, containing 1 mM EDTA (for GST-
PX assay) or 50 mM K-phosphate buffer pH 7.6 (for GR assay), and then homoge-
nized for 5 min at 0°C. The homogenates were filtered through 2 layers of cheese-
cloth and centrifuged at 3000 g for 15 min. The supernatants were used to assay the
activity of the studied enzymes.
GSTPX activity was determined according to AHMAD and PARDINI (1988). The
reaction mixture consisted of 0.4 ml of crude homogenate of aphids, 0.1 ml of 1 mM
GSH solution, 0.2 ml of 1 mM NADPH, 0.1 ml of GR solution (5 U/ml), and 0.2 ml
of 1.2 mM cumene hydroperoxide (cumOOH) solution. The reaction was started by
the addition of cumOOH and then NADPH oxidation was recorded at 340 nm for 3
min, in comparison to the control containing 0.4 ml of 50 mM K-phosphate buffer
pH 7.0 with 1 mM EDTA, instead of the aphid homogenate. GSTPX activity was
determined by comparing the rate of absorbance changes and expressed in nmol
NADPH/min/mg protein.
The activity of GR was determined with the method of RACKER (1955). First-
ly, oxidation of NADPH was measured in the reaction mixture containing 0.1 ml of
50 mM K-phosphate buffer pH 7.6, 0.1 ml of 1 mM NADPH, 0.1 ml of 0.1% BSA,
and 0.3 ml of 2% GSSG at 340 nm for 3 min. Then 0.5 ml of crude homogenate of
aphids was added and NADPH oxidation was recorded. GR activity was calculated
by subtracting the earlier rate from the latter one and expressed in nmol NADPH/
min/mg protein.
The influence of three o-dihydroxyphenols (quercetin, caffeic acid, and chloro-
genic acid) on the activity of GSTPX and GR was determined by placing the aphids
on agarose-sucrose gels (1.25% agarose and 30% sucrose) containing the tested chem-
icals at three concentrations: 0.001%, 0.01% or 0.1%, and by allowing the aphids to
probe them. The concentrations were selected on the basis of previous studies that
pointed to the pro-oxidant effect of the studied phenolics compounds on aphids
(£UKASIK & LESZCZYÑSKI 2005, £UKASIK 2006, 2007). The experimental device, after
TJALLINGII (1988), mimicked exactly how often the aphids probed the plant surface
and peripheral tissues (epidermis and mesophyll). After 12 hrs of the gel probing,
the aphids were collected and changes in the GSTPX and GR activity were deter-
mined, in comparison to control aphids that were allowed to probe agarose-sucrose
gels devoid of the tested phenolics.
The protein content of aphid supernatants was determined by using the method
given by BRADFORD (1976).
All data are reported as mean ± SD, n = 4, where each n represents a separate
homogenate from the studied aphids. Results of the carried out experiments were also
subjected to an analysis of variance (ANOVA) followed by the Duncan multiple range
test.
RESULTS
Our experiments showed clear differences in the activity of GSTPX and GR
between the studied aphid morphs. The highest activity of enzymes was recorded
for winged adults (alatae) and the lowest for the wingless apterae (Table 1). In the
case of GSTPX, wingless apterae had a nearly 2-fold lower activity of GSTPX in34 Iwona £ukasik and Sylwia Go³awska
comparison to other morphs (Table 1). All the studied morphs of the oligophagous
R. padi, which alternates between woody plants and grasses, had a significantly higher
level of GSTPX activity than morphs of the monophagous S. avenae, confined to
grasses. Different results were obtained for GR, where alatae and larvae of both aphid
Table 1. Activity of Se-independent glutathione peroxidase (GSTPX) and glutathione reductase (GR) (nmol
NADPH/min/mg protein) within the studied cereal aphid tissues
Data are presented as mean ± SD; n = 4. Values followed by different letters within columns are signifi-
cantly different at P £ 0.05 (Duncan multiple range test)
Activity of antioxidant enzymes 
Aphid morph  Aphid species 
GSTPX GR 
 
Apterae 
 
 
Alatae 
 
 
Larvae 
 
S. avenae 
R. padi 
 
S. avenae 
R. padi 
 
S. avenae 
R. padi 
 
29.47 ± 2.67
e 
40.88 ± 1.95
d 
 
46.38 ± 2.21
c 
76.43 ± 1.94
a 
 
41.87 ± 1.92
d 
70.00 ± 1.65
b 
 
3.02 ± 0.63
c 
2.78 ± 0.27
d 
 
4.16 ± 0.57
a 
4.33 ± 0.27
a 
 
3.57 ± 0.29
b 
3.59 ± 0.31
b 
Table 2.  Effect of the tested o-dihydroxyphenols on the activity of Se-independent glutathione peroxi-
dase (GSTPX) within the studied cereal aphid tissues
Data are presented as mean ± SD; n = 4. Values followed by different letters within columns are signifi-
cantly different at P £ 0.05 (Duncan multiple range test).
GSTPX activity 
Allelochemical   Concentration (%) 
S. avenae  R. padi 
Quercetin 
 
 
 
 
Caffeic acid 
 
 
 
 
Chlorogenic acid 
 
 
 
control 
0.001 
0.01 
0.1 
 
control 
0.001 
0.01 
0.1 
 
control 
0.001 
0.01 
0.1 
 
30.21 ± 1.39
cd 
26.58 ± 1.30
fg 
23.86 ± 1.10
hi 
23.86 ± 1.38
hi 
 
35.64 ± 1.34
b 
28.08 ± 1.76
ef 
25.23 ± 1.80
gh 
23.46 ± 1.57
i 
 
38.09 ± 1.71
a 
31.01 ± 2.70
c 
29.33 ± 1.67
cde 
28.57 ± 1.29
de 
 
41.34 ± 3.17
a 
37.62 ± 1.70
b 
35.55 ± 1.79
bc 
33.89 ± 2.19
cd 
 
39.88 ± 2.07
a 
33.50 ± 1.80
cde 
31.50 ± 1.57
e 
28.71 ± 1.95
f 
          
40.22 ± 2.58
a 
35.79 ± 1.44
bc 
32.58 ± 2.33
de 
31.37 ± 1.37
e 
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species had a comparable GR activity, whereas the wingless apterae of the grain aphid
showed a higher level of its activity than the bird cherry-oat aphid apterae (Table 1).
Exposure of the apterous morphs to the tested o-dihydroxyphenols caused a
decrease in the activity of GSTPX in their tissues. Depletion of GSTPX activity in
cereal aphids depended on the concentration of the applied phenolics. The highest
reduction of its activity was observed for insects probed into the gels containing the
tested phenolics at a concentration of 0.1% (Table 2). Among the studied
o-dihydroxyphenols, caffeic acid had the strongest inhibitory effect on GSTPX, and
manifested a reduction of nearly 40% of the enzyme level in the grain aphid body. In
the case of other pro-oxidants (quercetin and chlorogenic acid), a greater decrease in
GSTPX activity was noted in tissues of the chlorogenic acid-treated insects. The
studied cereal phenolics stronger affected the GSTPX activity of the monophagous
S. avenae than that of the oligophagous R. padi (Table 2).
Table 3. Effect of the tested o-dihydroxyphenols on the activity of glutathione reductase (GR) within the
studied cereal aphid tissues
Data are presented as mean ± SD; n = 4. Values followed by different letters within columns are signifi-
cantly different at P £ 0.05 (Duncan multiple range test).
GR activity 
Allelochemicals  Concentration (%) 
S. avenae  R. padi 
Quercetin 
 
 
 
 
Caffeic acid 
 
 
 
 
Chlorogenic acid 
 
 
 
control 
0.001 
0.01 
0.1 
 
control 
0.001 
0.01 
0.1 
 
control 
0.001 
0.01 
0.1 
 
2.70 ± 0.15
c 
2.45 ± 0.18
cd 
2.52 ± 0.20
c 
1.97 ± 0.27
e 
 
3.70 ± 0.26
a 
2.63 ± 0.26
c 
2.22 ± 0.23
de 
2.15 ± 0.23
e 
 
3.51 ± 0.19
a 
3.19 ± 0.15
b 
3.02 ± 0.17
b 
2.98 ± 0.18
b 
 
         2.80 ± 0.20
bc 
         2.77 ± 0.29
bc 
         2.66 ± 0.22
bcd 
         2.21 ± 0.16
e 
 
         2.90 ± 0.21
ab 
         2.46 ± 0.21
d 
         2.20 ± 0.24
e 
         2.00 ± 0.25
e 
 
         3.05 ± 0.23
a 
         2.81 ± 0.21
bc 
         2.71 ± 0.22
bc 
         2.65 ± 0.29
cd 
 
The activity of GR also declined after exposure to the tested o-dihydroxyphenols
(Table 3). Generally the lowest concentration (0.001%) of the phenolics only slight-
ly decreased GR activity in the cereal aphids, while the higher phenolic concentra-
tions (0.01 and 0.1%) caused a clear decline in GR activity. The strongest depletion
of GR was evoked by caffeic acid (0.01% and 0.1%), which reduced its activity nearly
2-fold (Table 3). The effect of the other studied allelochemicals was similar but
chlorogenic acid at the highest concentration affected GR activity less strongly than
quercetin (Table 3). The studied o-dihydroxyphenols had a similar effect on the GR36 Iwona £ukasik and Sylwia Go³awska
activity of both aphid species, with the exception of caffeic acid, which stronger
inhibited the GR activity of the monophagous grain aphid than that of the oligopha-
gous bird cherry-oat aphid (Table 3).
DISCUSSION
Glutathione peroxidase (GPOX) and glutathione reductase (GR) appear to be
a complementary pair of enzymes, since GPOX reduces toxic hydroperoxides that
are formed as a result of oxidative stress, while GR converts oxidized glutathione to
the reduced form. Herbivorous insects, such as lepidopteran species: Trichoplusia ni
(Hübner, 1803), Papilio polyxenes (Fabricius, 1775), Spodoptera eridania (Stoll,
1782), showed apparently very low levels of GPOX activity in comparison to mam-
mals (AHMAD et al. 1987, 1988, PRITSOS et al. 1988). The lack of GPOX activity
typical for mammalian tissues may have lead to specific biochemical adaptations, such
as the development of the peroxidase activity of glutathione transferase (GSTPX).
WEINHOLD et al. (1990) noted the glutathione transferase (GST) conjugative and per-
oxidative activity in the 3 lepidopteran species mentioned above: T. ni, S. eridania
and P. polyxenes. Although the activity of GSTPX has been reported from the cereal
aphid tissues (LESZCZYÑSKI & DIXON 1992, LESZCZYÑSKI et al. 1994, LASKOWSKA
et al. 1999, LOAYZA-MURO et al. 2000, Ni & QUISENBERRY 2003), little is known
about its peroxidative properties in sucking-piercing insects. The obtained results point
to the presence of such activity also in cereal aphids. The level of GSTPX activity
noted for the monophagous grain aphid was comparable with that obtained for
the generalist T. ni, which occasionally encounters pro-oxidant-containing plants.
However, the GSTPX activity of the bird cherry-oat aphid was similar to that of
S. eridania, which is more broadly polyphagous than T. ni. Generally, the GSTPX
activity of cereal aphids was comparable with that of lepidopterans, except for the
black swallowtail butterfly P. polyxenes, which had a 2-5-fold higher activity of the
enzyme than the other studied species (WEINHOLD et al. 1990). This resulted prob-
ably from the specialization of P. polyxenes to feed on plants of the families Apiaceae
and Rutaceae, which are rich in photodynamic pro-oxidants, such as xanthotoxin
(DOWNUM & RODRIQUEZ 1986, DOWNUM 1986). Similar trends were observed for
GR, since the GR activity of cereal aphids was comparable with that reported for
the lepidopteran larvae. Our previous studies showed that the activity of the other
antioxidant enzymes in the cereal aphids, e.g. superoxide dismutase and catalase, was
much lower (£UKASIK 2007) than in the leaf-chewing insects, such as lepidopteran
larvae. Thus a high level of GSTPX and GR in the cereal aphid tissues is probably
connected with a high conjugative activity of the glutathione transferase (LESZCZYÑSKI
& DIXON 1992, LESZCZYÑSKI et al. 1994, LASKOWSKA et al. 1999, £UKASIK 2006).
Among the studied aphid morphs, the highest activity of GSTPX and GR was
found for winged adults (alatae). These results are in accordance with previous anal-
yses of superoxide dismutase, catalase and glutathione transferase levels (£UKASIK
2006, 2007). The relatively high levels of antioxidant enzyme activities in winged
migrants seems to be particularly important, because these morphs colonise new host-
plants, thus they contact with a wide range of various plant allelochemicals. More-37 GLUTATHIONE-RELATED ENZYMES IN CEREAL APHIDS
over, flying morphs are characterized by a high rate of oxygen consumption (SOHAL
& ALLEN 1986) and hence a greater antioxidant capacity.
The oligophagous R. padi, which alternates hosts (between woody plants and
grasses), had a higher activity of GSTPX than the monophagous grain aphid. This is
in agreement with studies considering the level of activity of the other antioxidant
enzymes in cereal aphids (£UKASIK 2006, 2007). It probably enables the bird cher-
ry-oat aphid to feed on completely unrelated host-plants differing in the level of pro-
oxidants and their qualitative composition. Opposite relations were noted for GR,
which showed the same activity in alatae and larvae of both studied aphid species.
The wingless morphs (apterae) of the monophagous species had a higher GR level
than those of the oligophagous one. This is in accordance with previous studies
related to the concentration of glutathione in cereal aphids (£UKASIK 2006). Thus
the level of GR may be conditioned not only by GSTPX activity but also by meta-
bolic processes and non-enzymatic oxidation (PRITSOS et al. 1988).
Exposure of apterous females of the aphids to the tested o-dihydroxyphenols
led to changes in the activity of both enzymes. SUMMERS & FELTON (1994) proposed
that the toxic effect of o-dihydroxyphenolic acids, such as caffeic acid and chloro-
genic acid, may be associated with their ability to act as pro-oxidants. This hypoth-
esis appears to be true in the case of the studied aphid species, since the depletion of
protein thiol groups and glutathione, as markers of oxidative stress, was demonstrat-
ed in cereal aphids exposed to the o-dihydroxyphenols (£UKASIK & LESZCZYÑSKI
2005, £UKASIK 2006).
Similar declines of GSTPX and GR activity, caused by plant phenolic com-
pounds, have been also recorded for lepidopteran larvae (PRITSOS et al. 1988, AH-
MAD et al. 1988, 1989, AHMAD & PARDINI 1990b, LEE 1991) and grasshoppers
(BARBEHENN 2002). An inhibitory effect of the o-dihydroxyphenols on the activity
of other antioxidant enzymes in the cereal aphids, such as superoxide dismutase and
catalase, was shown, too (£UKASIK 2007).
The mechanism of GSTPX and GR inhibition is puzzling. On the one hand,
phenolics are known as inhibitors of many enzymes, and enzyme inactivation may
be due to complexation with proteins via hydrogen or covalent bonding (VAN SUMERE
et al. 1975). Another mechanism of the inhibition may be associated with the pro-
duction by phenolic compounds of very reactive semiquinone radicals, which would
cross-link proteins and enzymes of diverse catalytic centres and cofactor requirements
(AHMAD & PARDINI 1990a). Additionally, in reaction with oxygen, the semiquinone
radicals generate superoxide anion radicals, which in the free radical cascade are
converted into hydrogen peroxide and hydroxyl radicals. This may lead to lipid per-
oxidation and formation of organic hydroperoxides.
In conclusion, the results presented here demonstrated that cereal aphids had
in their tissues antioxidant enzymes related to glutathione. The higher activity of
GSTPX in tissues of the oligophagous R. padi and in winged migrants suggests that
this enzyme might be involved in the aphid biochemical adaptations during coloni-
sation of new host-plants. Modulation of the studied enzyme activities by the tested
phenolics allows us to state that they are an important group of cereal pro-oxidants
reacting with the aphid glutathione-related enzymes.38 Iwona £ukasik and Sylwia Go³awska
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